Freeze tolerance and the dynamics of ice formation in wood frogs (Rana sylvatica) from southern Ohio Introduction Ectotherms inhabiting temperate and polar regions have evolved specific behavioral and physiological adaptations rhar permit eilher avoidance or tolerance of freezing of their body fluids. Numerous studies have documented that a number of olerwintering insects tolerate freezing of their body fluids (Baust and Rojas 1985; Zachariassen 1985) . In recenr years, it has also become apparent that a few species of tenestrially hibernating anurans can also tolerate formation of ice in their body fluids (Schmid 1982; Storey 1985; Storey and Storey 1986) .
freeze tolerance among anurans has been most thoroughly documented in the wood frog, Rana rylvatica (Lotshaw lD77; S9h$d 1982; Storey 1984 Storey , 1985 Storey and Storey 19g6, 1987) . The cryoprotectant used by this species appeais to be glucose (Storey 1984) . However, unlike many freeze-tolerant organisms, which mobilize their cryoprotectants in anticipation of freezing, R. sylvatica mobilized glucose only after the initiation of ice formarion in their body fluids (Storey and Storey l98s).
Storey (1985) estimated that ice formation was completed in only a few hours when frogs were held under laboratory conditions at temperatures just below thpir supercooling limit. Such rapid freezing may have exerted considerable limitations on the capacity of frogs to successfufly mobilize cryopro--EI*110,.,,.
Pnnred in Cansda lmpnma au Csnada tpctants. However, the preceding estimate was baspd qn the duration ofthe exotherm associated with the release ofthe latent heat of fusion. This phenomenon has been shown to underestimate the actual time course of ice formation by over three orders 9!qagnitudein the gall fly, Euroqta solidaginis (Lee and Lewis 1985) . Therefore, the rapidity ofice forrqation in body tissues of anurans must be directly measUred to evaluate its possible constraints on cryoprotectant mobilization in R. sylvaicq.
The.wood frog (R. sylvatica) is widely distributed, ranging from the southern United States to above the Arctic Circi; ii Alaska (Martof and Humphries 1959) , previous studies on freeze tolerance of R. sylvatica used frogs from a limited latitudinal zone involving only fvlinnesota, U,S.A, (Schmid 1982), and Ontario, Canada (Storey 1984, l9g5; Storey and Storey 1986, 1987) , although freeze tolerance was brie|y noted in a southern population (Lotshaw 1977) . Thus. inteipopulational variation in the freezp tolerance of this frog merits further examination.
Freeze tolerance and the time pourse of ice formation were examined in R. sylvatica from southerrl Ohio following their emergence from hibernation. These data were considered relevant to the ecological and biophysical constraints related to overwintering in R. sylvatica.
Materials and methods
Adult male frogs averaginB 14,4 + 2.1 (SD) g were collecred frofn upland deciduous woodlands in Adams County, Ohio, during february 1985 and 1986. Frogs had emerged for breeding at this time, and they were collected from a breeding pond or while migrating to this site. When the frogs were returned to the laboratory, they were acclimated at 4oC for 2 to 5 weeks before testing, and were fasted throughout this period.
Freezing experiments were performed in a metal canister submerged in a Neslab refrigerated bath. Each frog was held separately in a plastic centrifuge tube and placed in the canister. A thermocouple passed through the tqbe cap and was placed against the abdomen ofeach frog' Temperature data were compiled on a Leeds and Northrup multichannel recorder. Initial experiments revealed that a thermocouple on the abdominal surface of a frog and one inserted into the stomach of a frog differed by no more than 0. l'C during the course ofan experiment' Therefore, body temperature was effectively monitored by using a thermocouple positioned on the surface of a frog.
Freeze tolerance was determined by holding frogs at body temperatures of -2.0 to -3.0"C or -5.0 to -6.0'C for 48h after each exotherm. Actual bath temperatures were -3.8 and -6.8'C, respectively. Frogs attained thermal equilibrium within 3 h unless freezing was initiated before this time. Frogs were then allowed to thaw and recover at 4oC. Recovery was judged to be complete if frogs regained normal locomotor and behavioral capacities within 48 h' Ice content was determined for frogs frozen at -2.0 to -3.0"C using calorimetry similar to Schmid (1982) and Storey (1984) . This system included a glass vacuum thermos containing 100 mL of distilled water. The change in water temPerature following the introduction of a frozen frog was measured using a thermocouple connected to a Keithley model 155 microvoltmeter. Eighteen frogs frozen for known lengths of time ranging from 2 to 92 h were used for the time course.
Plasma glucose was measured in frogs frozen at -2.0 to -2.5'C for 48 h and unfrozen frogs acclimated at 4'C. These determinations were made using a Bausch and Lomb Spectrometer 20 and a Sigma glucose kit (No. 510). Plasma osmolarity was also determined for frogs acclimated to 4'C using a Wescor vapor pressure osmometer. Frozen frogs were quickly thawed in warm water before their blood was drawn. Blood samples were then obtained by heart tap, and cellular elements were removed by centifugation.
Body ice was calculated by two methods: equilibrium ice content of frogs was assessed using calorimetry for equivalent masses of ice (Storey 1984) and determinations of equilibrium ice content and the time course of ice formation were also made from the specific heat for both wet and dry masses of frogs (Lee and Lewis 1985)' The body water content of frogs was 78.l%a and the specific heat content of their body dry mass was 0.?9 cal/g (l cal = 4.1868J). All statistical comparisons were made using Mann-Whitney U-tests.
Results
Initiation of freezing was punctuated by a pronounced exotherm (Fig. l) . The duration of every exotherrn was not followed because of limitations on recording procedures. However, the shortest completely recorded exotherrn lasted l4h, and exotherms for several frogs lasted more than 20h. The precise and rapid onset of this event allowed accurate assessment of both the time freezing began and the supercooling point. It should be noted also that some frogs reached thermal equilibrium with their surroundings for as long as 20 h before nucleation.
Frogs frozen at -2.0 to -3. 0"C for 48 h showed a high rate of survival with l9 of 20 animals (95Vo) recovering. In contrast, none of the six frogs recovered from freezing at -5 .0 to-6.0'C for 48 h. Dissection of three frogs frozen for 48 h at the former temperature revealed large ice crystals in the abdomen, under the sfin, and in muscle. It was uncertain whether all organs r€mained unfrozen as reported by Storey (1984) , because ice on the surface of organs melted rapidly upon examination. Recovery of frogs aftcr freezing'often took 24h or longer to be completed; however, thawing was completed within a few TIME (hours) Frc. I . A sample of exotherm profiles obtained during the course of this study. Time zero is defined as when the frogs were placed into the cold bath. The broken line does not represent the exact profile for cooling of frogs. hours. Limited areas of hematoma were apparent on the ventral surface ofthe legs and in the eyes of some frogs; however, these injuries healed in a few days.
The supercooling limit of frogs frozen at -2.0 to -3.0'C and the freezing point of their body fluids were quite limited ( Table  I ) . The difference between these values (supercooling capacity) was only 1.8'C. Frozen frogs had a fivefold higher plasma glucose level when compared with unfrozen frogs (Table l) . The latter difference was highly significant (P < 0.01).
The time course of ice formation appeared to follow a hyperbolic function (Fig. 2) . Casual inspection of this relationship indicates that equilibrium was reached in24h or less. Ice contents offrogs frozenfsr24 h and longer were pooled (N = 6) for estimating the equilibrium ice content of frogs. The estimate predicted from the calorimetry of equivalent masses of ice was 56.0 = l,6%a of the total water content of frogs, wheieas integration of both the specific heat of wet and dry masses into the calorimetric determinations yielded an estimate of 65.3 t l.4Vo. 
Discussion
Rana sylvatica used here showed well-developed tolerance to freezing at temPeratures just below their supercooling limit' Calorimetric assessments and dissection of frogs confirmed that a substantial volume of their body water froze under these experimental conditions. Similar levels of freezing and survival at moderate subzero temperatures have been previously noted in this species (Storey 1984 (Storey , 1985 and the tree frogs Hyla versicolor and HyIa uuciftr (Schmid 1982; Storey 1985) .
While terrestrially hibernating anurans like R' sylvatica may be periodically exposed to freezing throughout much of their range, marked differences in overwintering conditions are undoubtedly experienced by frogs from different latitudes. Frogs studied here represent the most southerly distributed (39N) population of this species yet examined in detail for freeze tolerance. These frogs showed complete susceptibility to freezing at -5.5oC, whereas conspecifics from approximately 600 km further north in Canada survived similar treatments (Storey and Storey 1984) . Comparable latitudinal trends have been noted for the freeze tolerances of other animals (Hilbish l98l;Lee and Lcwis 1985).
Presumably, the lower limit of freeze tolerance is related to the proportion of body water frozen (Mazur I 984). It would then be -xpected that a population having greater freeze tolerance would form less ice in their body tissues than less tolerant conspecifics. For example, Lre and Lewis (1985) found that body ice content was higher in E. solidaginds from Ohio than in a population from New York. Moreover, the New York population had a substantially greater freeze tolerance than the bhio population. Storey (1984) reported that4SVc of the body water of R. sylvatica was frozen based on calorirnetry estimates for equivalent masses of ice. Conesponding estimates reported in this paper were higher than in the preceding study. Therefore, differences in ice content among the two populations of R' sylvatica paralleled freeze tolerance limits in a consistent fashion.
However, the critical thermal minimum (a nonlethal measure of cold tolerance) does not show any conclusive ecogeographical correlates in R. sylvatica (Manis and Claussen 1986) . The absence of any latitudinal correlation in this parameter may be related to the frogs' early emergence for breeding when environmental temperatures are sufficiently low to demand effective locomotion so that they may reach their breeding ponds and escape predators regardless of the locale.
Alternatively, interstudy differences in freeze tolerance of R. sylvatica could be related to seasonal conditioning. Storey and Storey (1984) tested frogs in the fall and early winter, whereas frogs were tested following their emergence in February in the present study. Storey and Storey (1987) have shown that much less glucose is mobilized for cryoprotection in the spring than in the fall. However, they did not indicate any seasonal differences in the cold hardiness of these frogs. It thus appears uncertain whether seasonal factors contributed to the differences in freeze tolerance between Ohioan and Canadian populations of wood frogs. Storey and Storey (1987) stressed that environmental constraints affecting R . sylvatica in Canada may require persistence of freeze tolerance into the spring. Similar limitations may have affected the population of frogs used here. Air temperatures fell below freezing for l0 consecutive days shortly after the 1986 collection date (Feb. 6) as recorded by the National Weather Service Office in neighboring northern Kentucky. Moreover, subzero temperatures occurred throughout the entire 24-h period for 6 days with the minimum temperature reaching -17"C. Subzero temperatures also occurred later in February and March. Environmental constraints apparently necessitate the maintenance of freeze tolerance following emergence of these frogs.
Glucose is reported to be the cryoprotectant used by R. sylvatica (Storey 1984 (Storey , 1985 Storey and Storey 1985) . During the autumnn blood glucose levels of frozen frogs may be elevated nearly 100-fold to more than 200 pmol/ml (Storey and Storey 1985), but were raised to only 56 pmol/ml in similarly treated frogs in the spring (Storey and Storey 1987). Rana sylvatica examined here showed only a S-fold elevation in blood glucose after freezing (see Table l ). Freeze tolerance is associated with a modest elevation in cryoprotectant levels in this species. It is possible that high glucose levels are coupled with greater levels of freeze tolerance, but this would appear to require a nearly exponential increase in glucose levels to extend freeze tolerance only a few degrees Celsius.
The level of glucose elevation seen here was well below that required to produce a marked colligative effect. This suggests that glucose may confer some degree of protection to R. sylvaticavia a noncolligative route. Alternatively, it may be that a supplementary cryoprotectant is utilized. Hyla versicolor relies primarily on a marked elevation in glycerol for cryoprotection (Schmid 1982); however, this polyhydric alcohol is not used extensively by R. sylvatica from Canada (Storey 1984) . The occurrence of metabolites other than glucose was not considered here but future studies should consider interpopulational variation in cryoprotectants for this species.
Calorimetry of frozen tissues is influenced by the thermal properties of both the wet and dry mass (Lee and Lewis 1985) ; however, previous estimates of body ice content in frozen frogs were performed using simplified calorimetry assumptions based only on the melting of equal masses of ice (Storey 1984) . It was found that estimates of ice content based on wet and dry mass properties were higher than values derived solely from icebased calorimetry. This difference would be expected since the specific heat of dry tissue is lower than that of water. More accurate assessment of ice content in frozen tissues demands proper integration of a component of body tissues which may represent more than 20Vo of the total body mass.
It is generally believed that freezing occurs in the extra-cellular space. Injury from freezing results from cellular dehydration and cell volume changes as ice forms in this compartment (Mazur 1984) . Interestingly, the level of dehydration due to freezing at -2.5oC was substantially greater in frogs tested in these experiments than was found for the survival limit of conspecifics subjected to evaporative dehydration (Schmid 1965) . However, these events may be sufficiently different from one another that their limits do not closely coincide.
In this study almost two-thirds of the body water was frozen in frogs held at or just below their supercooling limit ("2.5"C). It was also apparent that the lower limit of freeze tolerance for these frogs occurred between the latter temperature and -5.5"C. In some invertebrates, the effective survival limit during freezing occurs when approximately two+hirds of the body water freezes (Williams l97O; Zachaiassen et al. 1979 ; lre and Lewis 1985)-The critical ice content for R. sylvatica is comparable to that found in the latter studies but empirical confirmation is needed.
In the goldenrod gall fly (E. solidaginrs), the directly determined time course of ice formation lasted over 100 times longer than did the exotherm in this insect (Lee and Lewis 1985) . ln contrasl, the duration of the exotherm in R. sylvatica paralleled the approximate time frame of the directly determined time course of ice formation (see Results). In the tree frog H. versicolor, there is a very high conespondence between rhese events (J. R. Layne and R. E. Lee, unpublished data). The exotherm may adequately account for the time required to complete ice formation in anurans, but it yields little information about the dynamics of this process with regard to its detailed kinetics.
Scant data are avilable on the time course of ice formation in other organisms. Eurosta solidaginis required nearly 48 h to reach an equilibrium ice content (Lee and Lewis 1985), whereas R. st'lvatica completed ice formation in approximately 24h. Moreover, these differences existed despite freezing of E. solidaginis at a much lower temperature (-23oC). This does not parallel the adaptive strategies of these organisms since the synthesis of cryoprotective substances in E. so,lidaginis is anticipatory, occurring days or weeks in advance of subzero exposure, while in R" sylvatica glucose is not accumulated until rrucleation occurs in body tissues. The dymanics of ice formation is undoubtedly influenced by a series of biophysical factors such as those related to cryoprotectants and body compartmentation, which may differ between insect and anuran systems.
The exotherm and time course of ice formation reported in this paper for R. s1'/r'alica lasted perhaps 3-fold longer than previously indicated by Storey (1985) . Experimental protocol may have played a substantial role in these interstudy differences. Storey (1985) did not hold frogs in a closely confined environment, whereas, in the present study, frogs were placed in tightly confining tubes before being frozen. Preliminary experiments on H. versicolor indicate that both the duration of the exotherm and the time course of ice formation are increased proportionately, by restricting heat loss via surrounding insulation (J. R. Layne and R. E. Lee, unpublished data). It is likely that the plastic tubes partially insulated the frogs and slowed ice formation by conserving the heat of the exotherm. This has important implications with regard to experimental protocol in ?J65 ice formation assessments. Moreover, litter, soil, and snow . cover may have important consequences in retarding ice formation during natural freeze cycles.
This study represents an initial report of the dynarnics of ice formation in an anuran system and the occurrence of freeze tolerance in R. sylvatica from the southern tier of its range. Additional studies should focus on the detailed events of ice nucleation and crystal growth in anuran body fluids in relation to their triggering role in cryoprotectant mobilization.
